
UC Irvine
UC Irvine Previously Published Works

Title
MRNA Transcription, Translation, and Defects in Developmental Cognitive and Behavioral 
Disorders.

Permalink
https://escholarship.org/uc/item/2fw1b6gq

Author
Smith, Moyra

Publication Date
2020

DOI
10.3389/fmolb.2020.577710
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/2fw1b6gq
https://escholarship.org
http://www.cdlib.org/


fmolb-07-577710 September 23, 2020 Time: 16:40 # 1

REVIEW
published: 25 September 2020

doi: 10.3389/fmolb.2020.577710

Edited by:
Jannet Kocerha,

Georgia Southern University,
United States

Reviewed by:
Ye Fu,

Harvard University, United States
Lysangela Ronalte Alves,

Carlos Chagas Institute (ICC), Brazil

*Correspondence:
Moyra Smith

dmsmith@uci.edu

Specialty section:
This article was submitted to

Molecular Diagnostics
and Therapeutics,

a section of the journal
Frontiers in Molecular Biosciences

Received: 29 June 2020
Accepted: 18 August 2020

Published: 25 September 2020

Citation:
Smith M (2020) MRNA

Transcription, Translation, and Defects
in Developmental Cognitive

and Behavioral Disorders.
Front. Mol. Biosci. 7:577710.

doi: 10.3389/fmolb.2020.577710

MRNA Transcription, Translation, and
Defects in Developmental Cognitive
and Behavioral Disorders
Moyra Smith*

Department of Pediatrics, University of California, Irvine, Irvine, CA, United States

The growth of expertise in molecular techniques, their application to clinical evaluations,
and the establishment of databases with molecular genetic information has led to
greater insights into the roles of molecular processes related to gene expression
in neurodevelopment and functioning. The goal of this review is to examine new
insights into messenger RNA transcription, translation, and cellular protein synthesis
and the relevance of genetically determined alterations in these processes in
neurodevelopmental, cognitive, and behavioral disorders.
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TRIGGERS OF GENE EXPRESSION IN BRAIN NEURONS

Precise stimuli for gene expression in neurons remain to be elucidated. Early studies revealed that
neurotransmitter activation of receptors triggered intracellular signaling. Greenberg and Ziff (1984)
provided insights on intracellular signaling processes and release of specific transcription factors
including transcription factor (FOS) that passed from the cytoplasm to the nucleus to trigger the
expression of early response genes. Yap and Greenberg (2018) emphasized the importance of the
epigenome in bringing about behavioral adaptations to specific stimuli.

Abundant evidence of the importance of epigenetic factors and chromatin modifiers in
gene expression in brain development and function can be derived from data on the high
frequency of mutations in chromatin modifiers in neurodevelopmental, neurocognitive, and
neurobehavioral disorders (Tables 1, 2).

TRANSCRIPTION INITIATION, PROMOTERS, AND ENHANCERS

Promoters, Enhancers, and Interactions
Haberle and Stark (2018) reviewed core promoters and transcription initiation. They also
considered promoter core function in light of chromatin architectures and interactions with
regulatory elements.

The transcription start site was noted to be embedded in the core promoter, and the core
promoter was defined as including sequence approximately 50 bp upstream and 50 bp downstream
of the transcription start site.

Sequence elements in the promoter region act as binding sites for transcription factors, including
general transcription factors and transcription cofactors, sequence elements for enhancer binding
and the promoter region forms an anchoring site for RNA polymerase II.
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TABLE 1 | Epigenetic and chromatin-related factor defects implicated in neural
tube defects (Greene et al., 2011).

DNMT3A DNA methyltransferase 3 alpha

DNMT3B DNA methyltransferase 3 beta

HAT Histone acetyltransferase

HDAC1 Histone deacetylase 1

HDAC2 Histone deacetylase 2

KAT Lysine acetyltransferases

CECR2 Histone acetyl-lysine reader involved in chromatin remodeling

ARID1B Component of the SWI/SNF chromatin remodeling complex

SMARCA4 Regulator of chromatin

TABLE 2 | Epigenetic and chromatin factors with defects in specific cases of
autism spectrum disorders (Satterstrom et al., 2020).

ASH1L ASH1-like histone lysine methyltransferase

CHD8 Chromodomain helicase DNA-binding protein 8

KDM6B Lysine demethylase 6B, demethylates di- or tri-methylated
lysine 27 of histone H3

KDM5B Lysine-specific histone demethylase

KMT2C Histone lysine methylation

KMT2E Lysine methyltransferase E

SETD5 SET domain proteins function as histone methyltransferases

MBD5 Methyl-CpG-binding domain protein 5

MECP2 Methyl-CpG-binding protein 2

Specific sequence elements occur in some, but not all,
promoters; these included the TATA box and a sequence element
defined as the initiator motif. Haberle and Stark (2018) noted
that in human, promoter sequences are often associated upstream
with CpG dinucleotide elements.

Specific features of promoter-associated chromatin have been
defined that are strongly associated with transcription; these
include H3K4me3 and H3K27ac. Transcription initiation at
core promoters is defined as a stepwise process that includes
recruitment to the promoter of general transcription factors
TFIID, TFIIA, TFIIB, and RNA polymerase II, followed by
recruitment of general transcription factors TFIIE and TFII H.

Benabdallah and Bickmore (2015) and Haberle and Stark
(2018) noted that promoters may establish contact with enhancer
elements through chromatin looping.

Enhancers
Karnuta and Scacheri (2018) reviewed enhancers that they
defined as regulatory elements essential for spatiotemporal
gene expression. Enhancers were reported to be primarily
located in non-protein-coding regions of the genome and to be
transcription factor recruiting elements. Genomic analyses have
revealed that enhancer element sequences were not conserved
across species; however, sequences of specific enhancer elements
were highly constrained across humans.

Karnuta and Scacheri (2018) noted that active enhancer
elements occur in DNAse 1 hypersensitive chromatin and that
chromatin associated with active enhancer elements contained
monomethylated histone H3 (H3K4me1) and acetylated histone
H3 (H3K27ac). Enhancers not in an active state were reported to
be in regions rich in H3K27me3.

Specific histone methyl transferases and histone demethylase
interact with enhancers. Enhancer activation was considered
to be a stepwise process, and active enhancers could be
transcribed by RNA polymerase II to yield enhancer
RNA (eRNA) transcripts. The eRNA level indicated the
degree of activation of the enhancer. The eRNA then
interacted with the gene promoter, and this interaction
was mediated by cohesin and mediator complexes.
Highly active enhancers were sometimes referred to as
super-enhancers, and these were often several kilobases
in length.

Karnuta and Scacheri (2018) reported that mutations in genes
involved in encoding products involved in enhancer modification
or enhancer interactions with promoters can lead to specific
diseases. These include mutations in genes that impact histone
methylation, histone methyltransferase and histone demethylase,
and histone acetyltransferase and histone deacetylases. In
addition, defects can occur in chromatin remodeling proteins
and proteins that mediate the interaction of enhancer elements
with RNA polymerase. Specific factors that facilitate enhancer
promoter interactions include mediator complex components
and LDB1 (Lim domain proteins).

Schoenfelder and Fraser (2019) also reported that specific
diseases result from enhancer dysregulation.

In Table 3, enhancer-related functions and defects
are presented.

Enhancer Variants Documented in
Genome-Wide Association Studies
Karnuta and Scacheri (2018) noted that genome-wide association
studies have sometimes revealed an association of variants
in specific enhancer elements and susceptibility to certain
common diseases, including heart disease, type II diabetes, and
multiple sclerosis.

TABLE 3 | Enhancer functions and defects.

(A) Specific syndromes in which enhancer modification and/or function
was impaired.

Kabuki syndrome Due to defects in histone methyltransferase or histone
demethylase

Rubinstein-Taybi
syndrome

Due to defects in histone deacetylase activity

Charge syndrome Due to defects in CHD7 chromatin remodeler

Coffin Siris
syndrome

Due to defects in chromatin remodelers ARID1A/B,
SMARCA/B

Potocki Schaffer Due to defects in PHF21A component of histone
deacetylase

Cornelia de Lange
syndrome

Defects in association of enhancer and RNA polymerase II

(B) Specific proteins with defects that lead to enhancer dysregulation

NIPBL Cohesin loading protein defects

SMC1 Member of the cohesin multiprotein complex

SMC4 Structural maintenance of chromosomes

BRD4 Bromodomain-containing protein involved in chromatin
interactions

Frontiers in Molecular Biosciences | www.frontiersin.org 2 September 2020 | Volume 7 | Article 577710

https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-biosciences#articles


fmolb-07-577710 September 23, 2020 Time: 16:40 # 3

Smith RNA Transcription Translation Genetics Defects

It is important to note that enhancers may also function in
trans relative to the genes they regulate. Enhancers that function
in cis relative to the genes they regulate may employ chromatin
looping in gene interactions.

Schoenfelder and Fraser (2019) reviewed enhancer promoter
contacts in the control of gene expression. They defined
enhancers as regulatory elements that controlled cell type-
specific spatiotemporal gene expression. They considered specific
challenges in determining mechanisms that underlie promoter
enhancer interactions. In addition to evidence of enhancer
element promoter interaction through chromatin looping,
there was also evidence for non-contact enhancer promoter
interactions. Schoenfelder and Fraser (2019) considered details
on the expression of the Sonic Hedgehog (Shh) locus to be a
prototype of enhancer interactions. Studies in the mouse revealed
that Shh gene expression is impacted by an array of tissue-
specific enhancers.

Fishilevich et al. (2017) developed a database that documented
human enhancers and their target genes. They noted that in
addition to contact of enhancers with specific promoters through
chromatin looping, enhancer elements can be transcribed to
generate eRNAs. Interestingly, eRNAs were shown to frequently
be co-expressed with the genes they regulate.

Long Intergenic Non-coding RNAs
There is now evidence that a large proportion of the human
genome is transcribed, and increasingly, long non-coding RNAs
are identified. Ransohoff et al. (2018) distinguished between
long non-coding RNA that may have some overlap with coding
segments in the genome and long intergenic non-coding (linc)
RNAs defined as non-coding RNAs greater than 200 nucleotides
in length with no overlap with protein coding segments.

Linc RNAs were reported to be primarily present in the
nucleus, and their functions were reported to be regulating
chromatin topology and formation of scaffolds for binding of
proteins. Linc RNAs were reported to stabilize chromatin and to
also play roles in chromatin looping.

Gil and Ulitsky (2020) distinguished between cis acting and
transacting long non-coding RNAs and noted that they altered
the expression of target gene and played roles in tuning spatial
and temporal gene expression. They also noted that some long
non-coding RNAs included enhancer elements.

Specific architectural proteins including CTCF CCCTC-
binding factor, YY1 (transcription factor), and cohesin complex
subunits were reported to be anchors of chromatin loops.

CHROMATIN LOOPS

1. Chromatin loops were shown to be important features of
the vertebrate genome and to serve to bring enhancers into
contact with promoters. The importance of this process was
demonstrated in erythroid cells, and a specific upstream locus
control region was brought into contact with the beta globin
gene locus (Crossley and Orkin, 1993; Tolhuis et al., 2002).
Important factors in loop formation included cohesin, CTCF,
and protein that included YY1 transcription factor and the

zinc finger protein ZNF143. Mediator protein found to be
present as chromatin loops brought enhancers into contact
with promoters. Cohesin is frequently illustrated as a ring
complex and as the architectural unit that surrounds the
looped chromatin. The NIPBL protein was reported to load
cohesin onto chromatin (Ball et al., 2014).

Core elements of the cohesin complex are presented in
Table 4.

Mutations in SMC1, SMC3, RAD21, and NIPBL have
been reported to lead to Cornelia de Lange syndrome
associated with developmental defects in a number of systems
(Dowsett et al., 2019).

Topologically Associated Domains
Topologically associated domains (TADS) were defined as sub-
megabase-sized domains in which preferential intra-domain
interactions occurred, indicating that DNA elements within the
TADS interact (Lupiáñez et al., 2016). Genomic alterations that
disrupt TADS potentially have a significant impact on enhancer
promoter interactions (Hansen et al., 2018).

Specific architectural proteins including CTCF CCCTC-
binding factor, YY1 (transcription factor), and cohesin complex
subunits were reported to be anchors of chromatin loops.

Developmental defects can also result from structural
chromosome changes that disrupt TADS.

There is evidence that chromatin loop formation organized
by cohesin and CCCTC binding factor (CTCF) plays important
roles in the regulation of gene transcription and in the
organization of the 3-dimensional genome. Chromosomes,
chromatin, chromatin regulators, and architectural proteins were
reported to be involved in the formation of the 3-dimensional
genome that has been shown to play an important role in
gene expression.

Nasmyth and Haering (2009) reported that cohesin was a
key factor in mediating the cohesion of sister chromatids of
chromosomes (Table 4). Newkirk et al. (2017) reported that there
is growing evidence of the importance of cohesin as a regulator of
gene expression.

Other factors that promote the cohesion of sister chromatids
include ESCO 1, ESCO2 establishment of sister chromatid
cohesion N-acetyltransferase 1 and 2, PDS5 cohesin associated
factor B, and Sororin also known as CDCA5 cell cycle division-
associated 5.

Divergent Transcription Directionality
Lacadie et al. (2016) reported that analysis of RNA has revealed
the presence of stable RNA generated in a forward direction from

TABLE 4 | Components of the cohesin complex.

SMC1 (SMC1A) Structural maintenance of chromosome 1A

SMC3 Structural maintenance of chromosome 3

RAD21 (SCC1) Nuclear phosphoprotein

NIPBL (SCC2) Cohesin loading factor

SCC4 (MAU2) Sister chromatid cohesion factor

STAG2 Stromal antigen 2, reported as cohesin complex component
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a specific promoter and also other unstable transcripts generated
from that same promoter in a reverse direction. Directionality of
transcription was reported to be influenced by epigenetic factors
and chromatin state.

MRNA TRANSCRIPTION TERMINATION,
POLYADENYLATION, AND ALTERNATE
SITES

Tian and Manley (2017) reviewed transcription termination,
mRNA processing and modification. MRNA transcripts
generated by RNA polymerase II undergo maturation
through endolytic cleavage of the 3′-untranslated region
(UTR) and synthesis of polyadenylation through activity
of Poly A polymerase. The site in the mRNA transcript
at which cleavage and polyadenylation occur have defined
upstream nucleotide elements particularly a hexamer AAUAAA
or AUUAAA and downstream of this hexamer U and G
rich elements occur GUGU. Frequently a gene manifests
more than one potential polyadenylation site. The length
of the 3′-UTR of the transcript differs dependent on which
polyadenylation site is used.

Tian and Manley (2017) reported that in vertebrates the
polyadenylation process requires activity of a core complex
of at least 20 proteins referred to as cleavage polyadenylation
specific factors. Other proteins involved in polyadenylation
include Symplekin, Retinoblastoma binding protein (RBBP6),
polyA polymerase (PAP) and CTD defined as an RNA polymerase
regulatory protein with a regulatory carboxyterminal domain.
The length of the polyA sequence is also dependent upon nuclear
PolyA binding proteins PABPN1.

The length of the 3′UTR region upstream of the
polyadenylation site utilized influences availability of
sites for binding of microRNAs and for binding of other
RNA-binding proteins.

Tian and Manley (2017) noted that the length of the 3′UTR
region in a processed mRNA influences its ultimate subcellular
location. One interesting examples occurred in neurons where
the short isoform of the processed mRNA for the neurotrophic
factor BDNF was found to occur in the neuronal cell body and
the long form of processed BDNF mRNA occurred in dendrites.

Tian and Manley (2017) also noted that alternative
polyadenylation site usage and length of the 3′-UTRs of
mRNAs of specific genes correlated to some extent with
cell differentiation and proliferation. Interestingly, this was
proposed to be associated with the level of resistance of the
mRNA to binding with microRNAs. Binding of microRNAs to
mRNAs occurred preferably in MRNA transcripts with longer
3’-UTRs, and MRNA degradation occurred more rapidly when
microRNAs could bind to the mRNA transcript.

Factors in the polyadenylation complex were also noted
to be more abundant in proliferating stem cells and in
pluripotent stem cells.

Use of proximal polyadenylation sites was also noted when
neuronal cells were activated by membrane depolarization.
Activation of mammalian target of rapamycin (mTOR) signaling

TABLE 5 | Transcription factors defective in some cases of autism.

FOXP1 Forkhead box P1, transcription factor

MED13L Mediator complex subunit 13, transcriptional co-activator

POGZ POGZ

TBR11 T-box brain transcription factor 1

TCL7L2 Transcription factor 7-like 2

TRIP2 (MED1) Mediator complex subunit 1, activation of gene transcription

SIN3A Transcription regulator family member A

FOXP2 Subfamily P of the forkhead box (FOX) transcription factor family

was also reported to lead to the generation of transcripts with
shorter 3′-UTRs.

Tian and Manley (2017) also noted that polyadenylation sites
sometimes occur in an intron upstream of the last protein coding
exon, leading to the generation of a skipped last exon. The
skipping of a terminal exon was noted to sometimes modify the
function of the protein product of the gene.

Transcription Factor Defects That Occur
in Some Cases of Autism
Voineagu et al. (2011) and Satterstrom et al. (2020) reported
finding defect transcription factors in specific autism cases; these
are presented in Table 5.

MRNA SPLICING AND THE SPLICEOSOME

Core splicing elements were noted to include 5′ and 3′ splice
sites at exon intron junctions, branch points, and polypyrimidine
tracts within introns. In addition, splicing is influenced by
enhancers and silencers, nucleotide elements that can have trans
effects in splicing machinery. Splicing is also dependent on
appropriate function of components of the spliceosome.

Genome-wide association studies in autism demonstrated
an autism spectrum disorder-associated variant in PTBP2
polypyrimidine tract binding protein 2 that binds to
intronic polypyrimidine clusters in pre-mRNA molecules
and is implicated in controlling the assembly of other
splicing-regulatory proteins.

The composition of the highly dynamic spliceosome was
reviewed by Will and Lührmann (2011). They distinguished
between U12 and U2 spliceosomes. Their review concentrated
on U2 spliceosomes. They noted that the splicing branch site is
usually located 18–40 nucleotides upstream from the 3′ splice site
and is followed by polypyrimidine sequences. They also noted
the presence of splice enhancer and splice repressor elements.
Their review concentrated primarily on transacting factors that
promoted interactions of the pre-mRNA with the spliceosome.

The spliceosome is described as a multi-megadalton
ribonucleoprotein complex. It contains small nuclear
ribonucleoproteins (snRNPs) and many other proteins.
Core elements recognized by the spliceosome include the
5′ donor site GU dinucleotides, the branch point followed by the
polypyrimidine tract and subsequently the AG dinucleotide at 3′

splice acceptor site.
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Charenton et al. (2019) reported that the prespliceosome
includes U1 and U2 snRNPs that bind to the pre-mRNA 5′ splice
site and also to sequences at the splice branch point. This complex
then associates with U4, U6, and U5 small nucleoproteins to form
the precatalytic spliceosome.

Alternative splicing was reported to be highly regulated
and to be responsive to developmental and environmental
stimuli (Montes et al., 2019). Alternative splicing is impacted
by splice regulatory proteins reported to be rich in serine
arginine residues; these can include heterogeneous nuclear
ribonucleoproteins (hnRNPs). These are defined as proteins that
interact with pre-mRNAs and influence processing including
splicing. Polypyrimidine tract binding proteins, e.g., PTBP1, also
play important roles in alternative splicing.

The SNRPN gene located in chromosome 15q11.2 in the
region involved in Prader–Willi syndrome is reported to encode a
component of the snRNP complex, expressed from the paternally
derived chromosome. It functions in pre-mRNA processing and
may contribute to tissue-specific alternative splicing.

MICROEXONS AND THEIR INCLUSION
IN TRANSCRIPTS OF GENES
EXPRESSED IN NEURONS

Irimia et al. (2014) described a specific program of alternative
splicing that led to the inclusion of microexons. Particularly
significant was the fact that this program was misregulated in
cases of autism. Key to this process of microexon inclusion was
the binding of a neuronal splicing regulator factor to intronic
enhancer motifs.

Irimia et al. (2014) reported that microexon inclusion
particularly impacted transcripts of genes with the following
locations or functions: cytoskeleton structure, GTPase regulation,
synapses, neurogenesis, vesicle trafficking, calcium signaling,
protein kinases. Microexon inclusion was reported to be
particularly important during neurogenesis (Table 6).

Irimia et al. (2014) reported that neuronal microexon
inclusion was misregulated in autism. They reported that
extensive transcriptomic studies on brain samples from autistic
subjects revealed evidence of altered gene expression in 2,519
genes, and 26.9% of these genes had transcripts that included
microexons. The genes with misregulated microexon inclusion
in autism were particularly involved in synaptic biology
and axonogenesis.

TABLE 6 | Genes with misregulated microexon inclusion in autism or
intellectual disabilities.

DNTT DNA nucleotidylexotransferase (AU)

ANK2 ANKYRIN2 links membrane proteins to underlying cytoskeleton (AU)

ROBO1 Roundabout guidance receptor 1 (AU)

SHANK2 SH3 and multiple ankyrin repeat domains 2 (AU)

APBB1 Amyloid beta precursor protein-binding family B member 1 (ID)

TRAPPC9 Trafficking protein particle complex 9 (ID)

RAB3GAP1 RAB3 GTPase activating protein catalytic subunit 1 (ID)

Neuronal Splice Regulator
nSR100/SRRM4 and Its Misregulation
Calarco et al. (2009) described a serine arginine repeat protein
that functions as a splice regulator that regulated inclusion
of microexons in transcripts of certain brain genes. Calarco
et al. (2009) reported that nSR100, also known as SRRM4,
directed microexon inclusion and was particularly important in
genes involved in neuronal development and function. Specific
enhancer elements were reported to occur in genomic DNA
between polypyrimidine tract and splice acceptor sites, and
these elements bound nSR100 and activated exon inclusion.
The transcripts of nSR0100 are particularly abundant in brains;
low levels of expression were also reported to occur in
the adrenal gland.

Numerous studies in humans with autism have revealed
altered neuronal excitation–inhibition ratios resulting from
altered neuronal activity and synaptic function. Many different
gene defects have been reported to be associated with autism
manifestations. In addition, microarray analyses and RNA
sequence analyses have revealed altered patterns of gene
expression. Misregulation and reduced transcription of the
RBFOX family of RNA-binding splice regulators were reported
by Voineagu et al. (2011) and Weyn-Vanhentenryck et al.
(2018). Irimia et al. (2014) reported altered neuronal microexon
splicing in autism.

Irimia et al. (2014) reported that microexons include 3–27
nucleotides and were reported to encode protein fragments that
impacted protein–protein interactions. Inclusion of microexons
was reported to be controlled by nrS100/SRRM4. Importantly,
levels of proteins that are produced from mRNAs with microexon
inclusion were reported to be decreased in brains from autistic
subjects. Alternative splicing was reported to be regulated by
neuronal activity.

Quesnel-Vallières et al. (2016) reported results of studies on
mice heterozygous for mutations leading to reduced expression
of nSR100/SRRM4, and they analyzed the effect on neuronal
activity. They also noted reports on studies on neurons derived
from pluripotent stem cells generated from patients with autism
that revealed changes in microexon inclusion in neurons in
response to nSR100 mutations.

The specific nSR100 defects investigated by Quesnel-Vallières
et al. (2016) included deletions of exons 7 and 8 in the encoding
gene. Mutant mice were reported to have normal locomotion
and normal hearing but abnormal responses to light stimuli
and increased startle response. The mice with these mutations
were also reported to be averse to novel environment changes
and averse to exposure to strange mice. Cortical neurons
were reported to have more excitatory glutamatergic neurons
and fewer inhibitory Gaba-ergic neurons. However, spines of
glutamatergic neurons were noted to be thinner, perhaps as a
compensatory mechanism. Analyses revealed increased skipping
of microexons in neuronal genes.

Quesnel-Vallières et al. (2016) documented the ontology of
neuronally expressed genes that have microexons included
in transcripts. Particularly abundant were genes that
encoded products involved in vesicle-mediated transport,
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actin filament organization in cytoskeleton, microtubule
function, and GTPase activity and proteins present in Golgi and
in cytoskeleton.

The activity of nSR100 was shown to be important in the
inclusion of microexons in the transcripts of EIF4G component
of the transcription initiation complex, in MEF2C transcription
factor transcripts, and in transcripts shown to be aberrant
in autism including ANK2, NBEA (neurobeachin), NRXN2
(neurexin 2), and in SHANK 1 (SH3 and multiple ankyrin
repeat domains 1).

Importantly, they postulated that nSR100.SRRM4 could
potentially be a target for diagnostics and therapeutic
intervention in autism.

Parras et al. (2018) reported decreased inclusion of a specific
microexon in CPEB4, a polyadenylation element binding protein,
in cases of autism. They reported that decreased inclusion of
this microexon reduced poly A tail length and expression of the
protein product of the transcript.

Alternative Splicing in
Neurodevelopment
Grabowski (2011), Raj and Blencowe (2015), and Weyn-
Vanhentenryck et al. (2018) reported that alternative splicing is
a key feature in neurodevelopment. Weyn-Vanhentenryck et al.
(2018) analyzed temporal regulation of alternative splicing in
mouse brain and on purified neuronal subtypes. They determined
that there were early-switch and late-switch exons that correlated
with neuronal maturation stages.

Early-switch exons were reported to be enriched in the
transcripts of genes that encoded ion channels and in genes
that encoded products related to transmembrane transport
and synaptic transmission. Late-switch exons were enriched in
transcripts of genes involved in cytoskeletal remodeling and in
the formation of synaptic connections.

In mouse brain, Weyn-Vanhentenryck et al. (2018),
also identified distinct RNA-binding proteins involved
in the regulation of splicing switches. These gene
products included Rbfox, Nova (alternative splicing
regulator), Mbnl1 (muscleblind like splicing factor), and
Ptbp1 (polypyrimidine tract-binding protein). Rbfox
and Nova were reported to promote mature splicing
patterns, while Ptbp1 was reported to suppress mature
splicing patterns.

Posttranscriptional mechanisms, including alternative
splicing, in neural developments, maturation, and plasticity,
were reviewed by Furlanis and Scheiffele (2018). In their
review, they particularly concentrated on roles of nucleotide
codes in RNA transcripts and on RNA-binding proteins in
alternative splicing regulation. They noted that alternative
splicing of mRNA alters transcript stability, localization, and
cell type specificity. They note further that additional studies
are required to establish protein changes and possible functional
changes brought about by the alternate splicing of specific
gene transcripts.

Information on the functional roles of alternative splicing in
particular genes has sometimes been derived from information

on pathology and disease manifestation that result from splicing
mutations in specific genes.

Insights into splice regulation have also been obtained through
studies on specific nucleotide elements that interact with RNA-
binding proteins and the precise positions of these binding
elements relative to alternate exons.

Furlanis and Scheiffele (2018) noted that the Nova splice
regulator binds to a YCAY (pyrimidine cytosine adenine
pyrimidine) sequence motive positioned approximately 200 bp
downstream of an alternate exon, and this binding promotes
inclusion of the alternate exon. Location of the YCAY sequence
element upstream of an alternate exon was noted to impair
inclusion of the exon.

They noted that the presence of cell type heterogeneity in
tissues complicates alternative splicing studies. In recent years,
transcription studies are increasingly carried out on single cell or
on samples with a uniform cell population.

Another important factor to consider is that specific RNA-
binding proteins require modifications, and changes in these
modifications can impact their binding properties.

Furlanis and Scheiffele (2018) reviewed the neuron splice
regulators Nova1/s and nPTB (PTBP2)/RNA-binding proteins
referred to as KH RNA-binding domain containing signal
transduction associated in humans KHDRBS, KHDRBS2.

They considered whether transcript splicing patterns
impacted circuit wiring in the brain and noted that there was
evidence that alternate splicing of specific transcripts impacts
axonal guidance and synapse formation. This information was
derived primarily from studies in Drosophila and studies
of the transmembrane receptor Dscam1. Evidence was
obtained indicating that extensive alternative splicing of
Dscam 1 occurred, leading to the generation of products
with different numbers of Ig domain inclusions. There
was evidence that in dendrite arbor formation, neurites
expressing the same number of repeat containing Dscam1
molecules formed connections with each other while dendrites
each expressing different Dscam1 isoforms that differed
in the number of Ig repeat domain repulse each other
and failed to connect. The Dscam1 gene in Drosophila is
the paralog of a human gene DSCAM that is impacted
in Down syndrome.

The DCC guidance receptor, also known as DCC netrin
receptor, was shown to undergo alternate splicing events in
mice, and the specific isoform expressed impacted axon guidance
and interaction.

Furlanis and Scheiffele (2018) cited evidence that voltage-
gated calcium channel transcripts have multiple splice variants
and that the presence of specific variants impacts cell type
specificity of the specific calcium channel. These channels play
key roles in neurotransmitter release in synapses.

Transcripts of neurexin, the synaptic adhesion molecule, were
reported to exhibit significant differences based on splice site
usage differences.

Transcripts of KCNMA1, the potassium calcium-activated
channel, were also reported to exhibit splicing differences,
leading to protein products that differentially influence
neuronal excitability.
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Furlanis and Scheiffele (2018) noted that there is evidence
that in cortical neurons, intron-containing transcripts
derived from a number of genes occur in the nucleus
and that these transcripts undergo splicing in response to
specific signals.

Intronic Variants Leading to Aberrant
Splicing
Mutations in genes that encode sodium ion channels are
important causes of epilepsy. Mutations in the SCNA genes are
reported to be associated with Dravet syndrome, an autosomal
dominant disorder associated with encephalopathy, epilepsy, and
developmental delay.

Carvill et al. (2018) described seven likely pathogenic SCN1A
variants in patients with epilepsy where the variants occurred
outside the protein codon region of the genes. Five of the
variants occurred in introns and led to the inclusion of an
abnormal exon. They described the abnormal exon as a poison
exon, since it led to a decreased production of active SNC1A
protein. These five intron variants occurred in intron 20. This
intron is reported to have a highly conserved sequence in
mammals. In two of the five epilepsy cases, the variant involved
a short deletion of nucleotides, and in three cases, the intronic
variant was a single nucleotide substitution. Four of the five
patients with this abnormal intron had Dravet syndrome, and
one individual had febrile seizures. In two of the cases, the
variant occurred in other members of the same family who had
febrile seizures. The five intron variants were not present in
population data.

Pathogenic Repeat Sequence
Expansions in Introns
Ishiura et al. (2018) reported abnormal nucleotide repeat
expansion in intron 4 of the SAMD12 sterile alpha motif-
encoding gene that is normally abundantly expressed
in the brain of individuals with familial myoclonic
epilepsy. The repeat expansion involved TTTCA and
TTTTA repeats. They noted that repeat expansions of
TTTTA and TTCA were noted in two different genes
TNRC6A and RAPGEF2 in cases of familial myoclonic
epilepsy. TNRC6A encodes a protein that functions
in posttranscriptional gene silencing through the RNA
interference (RNAi) and microRNA pathways. RAPGEF2
Rap guanine nucleotide exchange factor 2 functions in
signal transduction.

Corbett et al. (2019) reported intronic ATTTC repeat
expansions in a specific gene STARD7 in cases of adult myoclonic
epilepsy. The ATTC repeat expansion in the first intron of
STARD7 was identified in 150 individuals in 16 different
pedigrees. STARD7 is defined as StAR-related lipid transfer
domain containing 7.

Florian et al. (2019) reported that intronic repeat expansion
was reported to be among the most important causes of
familial adult myoclonic epilepsy in Asia. They reported cases
of familial adult myoclonic epilepsy with intronic repeat
expansion in the gene that encodes MARCHF6 membrane

associated ring-CH-type finger 6, a membrane-associated E3
ubiquitin ligase. They reported that the degree of repeat
expansion was variable 3.3–14 kb. The large repeats sometimes
predisposed to genomic instability of the 5p15.2 region in which
they were located.

RARE VARIANT INTERPRETATIONS IN
LIGHT OF TRANSCRIPT EXPRESSION

Cummings et al. (2020) stressed the importance of cell and tissue
transcription differences into account when interpreting the
pathological significance of a specific genomic variant identified
in an individual with a specific disease.

Through studies in autism and developmental disabilities,
they provided evidence that putative loss of function variants in
weakly expressed exons in neuronal cell types has the same level
of significance as synonymous variants.

They noted that no information tools currently exist for
incorporation of transcript analysis into variant interpretation.

Cummings et al. (2020) developed a transcript level
annotation tool designated proportion expressed across
transcripts (pext). They reported that the metric they developed
was useful in filtering isoforms with low levels of expressivity. It
was, however, less useful in filtering variants with intermediate
levels of expression.

MRNA DEGRADATION

MRNA degradation processes include mechanisms involved in
degradation of normal MRNA and also additional processes
involved in degradation of mutant MRNA. Degradation
processes include endonucleolytic cleavage, exonucleolytic
cleavage, de-adenylation, and exosome activity. Particular
processes are involved in the degradation of mRNA forms with
premature termination codons.

Exosomes are involved in trimming and degradation of
mRNAs. The presence of AU-rich elements in the 3′-UTR of
mRNA facilitates binding to exosomes. Müller et al. (2015)
drew attention to multiprotein exosome complexes involved in
mRNA degradation. Exosome activity also requires the presence
of specific cofactors. They presented examples of mutations in the
exosome component that impact mRNA degradation.

Importantly, mutations in specific exosome component
EXOSC3 were reported to be associated with the
neurodevelopmental disorder pontocerebellar hypoplasia.
Mutations in the exosome component EXOSC8 was associated
with a disorder in children in which cerebellar hypoplasia,
hypomyelination, and spinal muscular atrophy occurred.

There is evidence that exosome activity occurs in the nucleus
and in the cytoplasm. MRNA to be degraded is reported to be
guided to the exosome in the nucleus by a complex referred
to as the TRAMP complex. In the cytoplasm, the SKI complex
guides MRNA for degradation to the exosome. The MTR4
(MTREX) helicase complex was reported to be important for
mRNA degradation in humans.

Frontiers in Molecular Biosciences | www.frontiersin.org 7 September 2020 | Volume 7 | Article 577710

https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-biosciences#articles


fmolb-07-577710 September 23, 2020 Time: 16:40 # 8

Smith RNA Transcription Translation Genetics Defects

Müller et al. (2015) emphasized that mutations in the
exosome complex functions impacted motor neurons, Purkinje
cells, and oligodendroglia. They noted that it was not yet
clear why defective exosome function primarily impaired brain
and neuronal cells.

Control of MRNA Levels and Processing
Müller et al. (2015) reported that precise control on MRNA
levels and MRNA processing is important in neurons.
Control includes levels of transcription and also levels of
degradation. Factors that are involved in control include
mRNA-binding proteins, long non-coding RNAs, and
microRNA activity.

Long non-coding RNAs were postulated by Roberts et al.
(2014) to play roles in numerous processes related to gene
expression including transcription regulation, epigenetic
alterations, and modulation of RNA splicing.

MRNA Passage From Nucleus to
Cytoplasm
MRNA passes from nucleus to cytoplasm through nuclear pore
complexes. This complex is composed of multiple proteins
including nucleoporins, and energy for transport through
nuclear pores is dependent on guanine triphosphate. Exportin
proteins also facilitate transport out of the nucleus. In recent
years, there are reports of nucleoporin defects in specific
neurodevelopmental disorders. RANBP2 is a large protein that
localizes to the nuclear pore complex. Defects in RANBP2
have been reported to predispose to familial encephalopathy
(Nofrini et al., 2016). Fichtman et al. (2019) reported an
association of pathogenic mutations in nucleoporin NUP124
in encephalopathy.

TRANSLATION PROCESSES

Cooper (2000) reviewed protein translation processes in
eukaryotes and identified factors involved in each of the three
stages of translation, initiation, elongation, and termination.

Gabut et al. (2020) noted that early steps in translation
involve bringing the 40s ribosome subunit into contact with
the 5′mRNA region through activity of the eIF4 complex.
Merging occurs between eIF4E, eIF4G, and eIF4A that together
form the eIF4 complex. The eIF4complex merges with the
preinitiation complex (PIC).

The preinitiation complex refers to a complex that includes
guanosine triphosphate (GTP) bound to eIF2 and methionyl
initiator tRNA, eIF3, eIF5, eIF1, eIF1A 40S ribosome subunit.
The PIC complex was reported to scan mRNA until the AUG
initiation codon was encountered. Subsequently, hydrolysis of
the eIF2-bound GTP occurs, leading to the release of many
of the bound initiation factors. This facilitates recruitment of
GTP-bound eIF5B and the 80S binding, and the remaining
bound eIF factors are released. The aminoacyl-tRNA-
binding site on ribosomes is exposed, allowing translation
extension to occur.

Gabut et al. (2020) stressed that cellular protein synthesis
is an energy-intensive process and requires adequate
functioning of the mTOR and mitogen-activated protein
(MAP) kinase pathways.

Another important factor involved in controlling the degree
of cellular protein synthesis is the integrated stress response
(Tahmasebi et al., 2018).

Specific translation initiation complex subunits that recognize
the 3-end of the mRNA include eif4G and eif4E. Cooper (2000)
noted that this indicates the importance of the polyadenylation in
the translation process.

Additional initiation factors that serve to bring the mRNA to
the ribosome include eiF4E, eiF4G, eiF4A, and eif4b, and eiF4G
was reported to also interact with eiF3.

Following this binding, the 40S ribosome subunit with bound
eif5 and initiator methionyl tRNA scans the mRNA for the
AUG initiator codon. Hydrolysis of GTP on eif2 occurs through
the activity of eiF5; the eiF2 is then released, and the 60s
subunit of the ribosome joins the 40s ribosomal subunit and
translation can then begin.

Aberrant Translation Initiation
O’Neill et al. (2001) described a large kindred in which
several members had X-linked adrenoleukodystrophy and
adrenomyelomyopathy due to deletions of the translation
initiation codon and utilization of a downstream ATG
codon in the ABCD1 gene ATP-binding cassette subfamily
D member 1 that encodes a peroxisomal protein. Use of
the downstream initiation codon leads to the generation
of an aberrant shortened protein. The short protein
was associated with impaired function and impaired
ability to reduce very-long-chain fatty acids. The excess
long-chain fatty acid was reported to accumulate in
neural white matter.

DEFECTS IN TRANSLATION INITIATION
PROCESSES IN
NEURODEVELOPMENTAL DISORDERS

In 2012, Borck et al. (2012) identified a translation defect in a
specific syndrome with the acronym MEHMO characterized by
cognitive impairments, epilepsy, hypogonadism, microcephaly,
and obesity. They determined impaired function of the GTP
translational initial factor eiF2 and initiator methionyl-
tRNA ternary complex that binds to the 40S ribosome
subunit and scan mRNA transcripts to select the AUG
translation initiation site. An X-linked gene EIFS3 was
reported to encode the gamma subunit of eIF2 and was
found to have a mutation individual with the MEHMO
syndrome. In 2019, Young-Baird et al. (2019) reported
identification of a pathogenic EIFS3F mutation in individuals in
a different family.

Non-ATG Translation
Microsatellite nucleotide repeat expansions were reported to
be associated with more than 49 different diseases that
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impact the central and peripheral nervous systems. There is
growing evidence that the repeat sequence regions can be
transcribed and translated, giving rise to aberrant peptides
and proteins. Cleary et al. (2018) reviewed the form of
translation that derived from repeat sequence transcripts. This
form of translation is known as repeat non-ATG translation or
RAN translation.

Cleary et al. (2018) noted that normal translation
involves the stepwise activity of multiple proteins. Key
steps include recognition of the 5-methyl 7 guanine
cap on MRNA followed by recruitment of the 43S
preinitiation complex and 5′-UTR scanning until the
AUG initiation codon was recognized and paired with
metTRNA. The pairing then facilitates, followed by GTP
hydrolysis and 60S ribosomal subunit binding, release of
many of the preinitiation complex factors, and translation
elongation can begin.

The first RAN translation process was recognized in spin
cerebellar ataxia cases associated with a CAG repeat expansion.
Cleary et al. (2018) noted that, by 2018, RAN-derived proteins
had been identified in eight different neurodegenerative disorders
associated with nucleotide repeat expansions.

There is some evidence that aberrant dipeptides and
short proteins derived from aberrant translation can
accumulate in inclusions.

TRANSLATION ELONGATION AND
AMINOACYL TRNAs

Translation involves aminoacyl tRNAs being escorted to
ribosomes by the GTP-bound elongation factors, e.g., eEf1,
eEf1a. On recognition of the cognate nucleotide codon in
the mRNA, the specific aminoacyl-tRNA interacts with the
ribosome and polypeptide, and the GTP on the elongation
factor is hydrolyzed. The elongation process involves
movement of the ribosomes along three nucleotides of the
mRNA with each addition of an amino acid. Elongation
proceeds until a termination codon is encountered in the
mRNA transcript.

AMINOACYL tRNA SYNTHETASES

Antonellis and Green (2008) reported roles of aminoacyl
tRNA synthetases in genetic diseases. Aminoacyl tRNA
synthetases and their deficiencies were reviewed by Fuchs
et al. (2019). Aminoacyl tRNA synthetases are required to
correctly couple amino acids to their cognate tRNAs, and
specific tRNAs are required to decode specific nucleotide
triplets in the mRNA.

Each aminoacyl-tRNA synthetase couples a specific amino
acid. Fuchs et al. (2019) emphasized that protein synthesis
occurs both in the cytoplasm and in the mitochondria and
that some genes encode tRNA synthetases that are active only
in mitochondria or in the cytoplasm; other aminoacyl tRNA
synthetases function in both mitochondria and cytosol. Note, as

presented in Table 7, that the aminoacyl-tRNA synthetases GARS
and KARS are bifunctional and act in cytosol and mitochondria.

CLINICAL AND PATHOLOGICAL
ABNORMALITIES IN PATIENTS WITH
AMINOACYL tRNA FUNCTION DEFECTS

MRI abnormalities, psychomotor retardation, microcephaly,
hypotonia, seizures, and encephalopathy were frequently
encountered. Failure to thrive was a commonly encountered
early manifestation in children. Other manifestations that were
encountered in some patients included liver, bone marrow, and
gastrointestinal defects.

Nakayama et al. (2017) reported that specific mutations
in AARS, alanyl-TRNA synthetase lead to progressive
microcephaly, epilepsy, and spasticity.

TRNAs

Schaffer et al. (2019) reviewed the roles of tRNAs in
neurodevelopment. They reported that there are more than
600 potential TRNA-encoding segments in the human genome.
They also noted that brain abnormalities and defects in the
peripheral nervous system have been reported to result from
abnormalities in tRNA functions (Table 7).

They defined tRNAs as adaptors in the translation process.
Multistep maturation processes are required for tRNAs to be

TABLE 7 | tRNA synthetase and chromosome locations of encoding genes.

AARS1 Alanyl-tRNA synthetase 1, 16q22.1

AARS2 Alanyl-tRNA synthetase 1, mitochondrial, 6p21.1

DARS1 Aspartyl-tRNA synthetase 1, 2q21.3

DARS2 Aspartyl-tRNA synthetase 2, mitochondrial, 1q25.1

GARS1 Glycyl-tRNA synthetase 1, 7p14.3

HARS1 Histidyl-tRNA synthetase 1, 5q31.3

HARS2 Histidyl-tRNA synthetase 2, 5q31.3, mitochondrial

IARS1 Isoleucyl-tRNA synthetase 1, 9q22.31

IARS2 Isoleucyl-tRNA synthetase 2, mitochondrial, 1q41

KARS1 Lysyl-tRNA synthetase 1, 16q23.1

LARS1 Leucyl-tRNA synthetase 1, 5q32

LARS2 Leucyl-tRNA synthetase 3, mitochondrial, 3p21.32

MARS1 Methionyl-tRNA synthetase 1, 12q13.3

MARS2 Methionyl-tRNA synthetase 2, mitochondrial, 2q33.1

RARS1 Arginyl-tRNA synthetase 1, 5q34

RARS2 Arginyl-tRNA synthetase 2, mitochondrial, 6q15

SARS1 Seryl-tRNA synthetase 1, 1p13.3

SARS2 Seryl-tRNA synthetase 2, mitochondrial, 19q13.2

VARS1 Valyl-tRNA synthetase 1, 6p21.33

VARS2 Valyl-tRNA synthetase 2, mitochondrial, 6p21.33

YARS1 Tyrosyl-tRNA synthetase 1, 1p35.1

YARS2 Tyrosyl-tRNA synthetase 2 mitochondrial, 12p11.2

QARS1 Glutaminyl-tRNA synthetase 1, 3p21.31
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functional. In addition, there is evidence that TRNAs have
other functions.

In reviewing the tRNA life cycle, Schaffer et al. (2019) noted
that tRNA elements in the genome are transcribed by RNA
polymerase III that are recruited to TRNA genomic segments by
transcription factors TFIIIB and TFIIIC. Polymerase III levels
are regulated by MAF1, which must first be phosphorylated
to promote RNA polymerase III activity. The tRNA transcripts
require modification before they can be utilized.

In the mitochondria, 22 tRNA genes were reported to
be active. Products for modifying mitochondrial tRNAs were
reported to be encoded in the nucleus and to require transport
into mitochondria. Schaffer et al. (2019) noted that more than
100 unique modifications of tRNAs occur.

Following modification, TRNAs occur in the cytoplasm,
mitochondria, and endoplasmic reticulum. Specific transporters
of TRNAs included exportin 7 encoded by the XPO7 gene.

Twenty different aminoacyl tRNA synthetases occur, each
recognizing a specific amino acid.

Schaffer et al. (2019) reported that TRNAs with bound amino
acids and with 3′CAA dinucleotides are recognized by the specific
eEF2a subunit and bind to the ribosome complex for generation
of translation products. The TRNA molecules were reported to be
very stable; however, specific catalytic mechanisms are involved
in TRNA degradation.

Schaffer et al. (2019) reviewed specific childhood neurological
disorders associated with deletions or mutations of specific
TRNAs required in the mitochondria. These disorders include
Kearns–Sayre syndrome, Leigh syndrome, mitochondrial
myopathies, mitochondrial encephalopathies associated with
lactic acidosis. Pathologies associated with these disorders were
described by Kosmorsky and Johns, 1991.

Childhood neurological disorders associated with
impaired biogenesis of nuclear TRNAs are noted to lead
to hypomyelinating leukodystrophies and pontocerebellar
hypoplasia. Leukodystrophies have also been reported to result
from POLR3A or POLR3B defects. POLR3A and POLR3B
encode the component of RNA polymerase III that is involved in
the transcription of tRNA genes.

Pontocerebellar hypoplasia can result from defects in
functions of the products of the TSEN genes including
TSEN2, TSEN15, TSEN34, and TSEN54 that encode tRNA
splicing endonucleases.

Neurological disorders can also result from defective functions
of enzymes that charge tRNAs, namely, TRNA synthetases.
Specific syndromic disorders due to defects in aminoacyl-
tRNA synthetases include forms of Charcot–Marie–Tooth
disease that is characterized by impaired peripheral nerve
functions primarily in axons that often first present with
abnormalities in the legs. Defects in any one of more
than 70 different genes have been reported to lead to this
disorder. The PMP2 gene that encodes peripheral myelin
protein 22 is the most commonly involved. Defects leading
to Charcot–Marie–Tooth disease have been identified in six
different aminoacyl-tRNA synthetases, alanyl-t-RNA synthetase
1 (AARS1), methionyl-tRNA synthetase 1 (MARS1), histidyl-
tRNA synthetase 1 (HARS1), tyrosyl-tRNA synthetase 1 (YARS),

lysyl-tRNA synthetase 1 (KARS), and glycyl-tRNA synthetase 1
(GARS).

Schaffer et al. (2019) noted that another clinicopathologic
phenotype with peripheral nerve abnormalities combined
with oxidative phosphorylation defects arises due to a defect
particularly of aminoacyl-tRNA synthetases that function in
the mitochondria. This phenotype can arise due to defects in
the following six mitochondrial aminoacyl-TRNA synthetases,
glutamyl-tRNA synthetase 2 (EARS2), phenylalanyl-tRNA
synthetase 2 (FARS2), threonyl-tRNA synthetase 2 (TARS2),
asparaginyl-tRNA synthetase 2 (NARS2), methionyl-tRNA
synthetase 2 (MARS2), and alanyl-tRNA synthetase 2
(AARS2).

This combined phenotype can also arise due to a defective
function of mitochondrial methionyl-tRNA transformylase
(MTFmt) that is required for initiation of translation in
the mitochondria.

Schaffer et al. (2019) noted that hypomyelinating
leukodystrophies may also result from defects in proteins
involved in the charging of TRNAS, aminoacyl-tRNA synthetase
complex interacting multifunctional protein 1 (AIMP1) and
aminoacyl-tRNA synthetase complex interacting multifunctional
protein 2 (AIMP2).

Microcephaly with cerebellar atrophy was reported to result
from defects in glutaminyl-tRNA synthetase 1 (QARS1) or
defects in seryl-tRNA synthetase 1 (SARS1).

Schuller et al. (2017) noted advances in elucidation of
factors that regulate translation termination. The ETF1 factor
decodes the termination codons. They noted that although ETF1
constituted in humans the main catalytic factor in translation
termination, interaction with other factors was also important.
These included ABCE1, an ATP-binding cassette. Proximity to
the polyA binding protein (PABP), e.g., PABPC1 (polyA binding
protein cytoplasmic), was also important.

Schuller et al. (2017) included an additional process in
translation termination, namely, ribosome recycling. The ABCE1
protein was reported to also play roles in releasing ribosomes
from mRNA and promoting dissociation into subunits.

Premature termination codons in mRNA elicit a mechanism
referred to as nonsense-mediated decay that involves a
surveillance complex composed of RENT1 also referred to as
UPF1 RNA helicase and ATPase and peptide release factor
also known as ERF3A.

TRANSLATION ELONGATION COMPLEX
EIF4F VARIANTS, MUTATIONS, AND
ROLES IN NEURODEVELOPMENTAL
DISEASES

McLachlan et al. (2019) reviewed the components of the
multisubunit protein complex eEF1 that is involved in
transcription elongation and plays a key role in protein
synthesis. The designated nomenclature of the components of
this complex in humans defines genes and protein subunits
(Table 8).
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TABLE 8 | Components of the multisubunit protein complex eEF1.

Gene Protein Map position

EEF1A1 eEF1A1 6q14

EEF1A2 eEF1A2 20q13.3

EEF1B2 eEF1Balpha 2q33

EEF1D eEF1Bdelta 8q24.3

EEF1G eEF1gamma 11q12.3

VARS Val-RS 6p21.3

The proteins eEF1A1 and eEF1A2 were noted to constitute
central components of the complex with eEF1A2 occurring
primarily in neurons and eEF1A1 widely present. The EEF1A
gene was reported to be mutated in specific cases of autism.
McLachlan et al. (2019) noted that the remaining subunits of the
complex, eEF1Balpha, eEF1Bgamma, and eEF1Bdelta, and valyl
TRNA synthetase were individually reported to be mutated in
specific neurodevelopmental defects.

The eEF1A complex was reported to function to deliver
aminoacyl-associated tRNAs to the ribosome to generate the
polypeptide chain. Energy for this process is provided by GTP.

McLachlan et al. (2019) noted that neurodevelopment
is particularly dependent on optimal translation processes.
A specific homozygous mutation p.(P333)L in the EEF1A2 gene
product was reported in children with global developmental
delay, epilepsy, and cardiomyopathy. Nakajima et al. (2015)
reported defects in EEF1A2 in patients with intellectual disability,
autism, and epilepsy.

Deletion of an exon in the EEF1B2 gene was reported to
be present in three siblings with intellectual disability in one
family. EEF1D mutations have been reported to be associated
with intellectual disability in members of one family. Different
VARS gene mutations were reported to occur in two different
families with intellectual disability.

McLachlan et al. (2019) noted that the neurodevelopmental
defects that result from eEF1 subunit mutations draw attention
to the importance of protein homeostasis in neurons.
In addition, these studies provided additional evidence
that mutations in certain housekeeping genes can lead to
neurodevelopmental defects.

ERRORS IN TRANSLATION

Kapur and Ackerman (2018) reviewed errors in mRNA
translation and their relevance to neurological diseases.
They defined translation errors as including one of the
following: incorporation of incorrect amino acids, frame
shift errors, readthrough of stop codons, and premature
termination of translation.

They noted that advances in molecular techniques have
expanded insights into factors involved in translation and
its termination. One of these techniques includes ribosome
profiling. This technique is designed to determine quantitative
measures of protein synthesis. Brar and Weissman (2015)
described a method to sequence ribosome-protected mRNA

fragments. They reported that the process is based on the fact
that about 30 nucleotides of mRNA are found to be protected
by the ribosome with each successive movement along the
mRNA transcript during the translation process. This protects
the ribosome-covered segments from nuclease digestion. The
ribosome-protected segments can be isolated, and sequences
so-called ribosome footprints can be identified.

A specific aminoacyl-tRNA synthetase must select the correct
amino acid, and it must select the correct tRNA from the
TRNA pool. Specific editing processes take place. In pretransfer
editing, an incorrectly bound amino acid can be removed
from the aminoacyl-tRNA synthetase by hydrolysis. Mischarged
tRNAs can also be edited. These pre- and posttranslation editing
processes require the existence of proofreading mechanisms
(Martinis and Boniecki, 2010).

Translation Elongation factor mutations in EEF1A2 were
reported in cases of epilepsy, ataxia, intellectual disability, and
autistic behavior by Lam et al. (2016). They reported that in
these cases, the mutations occurred in sites encoding amino
acids that were highly conserved in evolution; EEF1A2 mutations
were also reported in patients with intellectual disability and
autism by Nakajima et al. (2015).

Translation termination factors were designated eRF, and
genes were designated ERF or ETF1. Termination proteins
included eRF1, eTF1 (eRF3); a gene encoding etf3 was not
found in the human gene database. It is important to note that
nomenclature for translation factors remains complex.

Ribosome Quality Control
A specific process referred to as ribosome quality control
(RQC) is initiated when a ribosome stalls during the process of
translation. Joazeiro (2019) delineated different factors that lead
to ribosome stalling. This can result from abnormal features in
the MRNA or abnormalities in the TRNA, and it can also result
from defects in ribosomes.

When ribosomes stall, the aberrant or shortened polypeptide
chain undergoes proteosomal degradation. Joazeiro (2019) noted
that an important factor in this degradation was the ubiquitin
ligase, LTN1 listerin 1.

JOINT INTERACTIONS OF REGULATORY
AND CODING VARIANTS IN
DETERMINING PENETRANCE

Castel et al. (2018) reviewed aspects of variable penetrance
of disease-causing mutations and the relationship of this to
associated regulatory regions. Their studies included analyses
of haplotypes of regulatory regions known to impact specific
disease-related genes.

Castel et al. (2018) defined variable penetrance as variable
severity of the phenotypic manifestations and as the proportion
of carriers of a specific disease-causing mutation who manifested
pathologic features of the disorder. They also noted that
penetrance of specific mutations could be influenced by
environmental factors.
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Their study focused on analyses of haplotypes of defined
regulatory regions that were located in cis to the target gene.
They also utilized in vitro studies to study the effects of regulatory
regions and target genes.

The study was based on the hypothesis that nucleotide
variants, the haplotype, in regulatory regions impact penetrance;
specific haplotypes reduced penetrance, while other haplotypes
were disadvantageous and increased penetrance, while other
haplotypes were advantageous and individuals with the
advantageous haplotype showed few manifestations of the disease
despite the presence of deleterious mutations in the target
gene. They also postulated that the deleterious haplotypes were
rare in the general population. Patients with manifestations
of the disease caused by deleterious mutations in a specific
disease would have an overrepresentation of specific regulatory
haplotypes relative to the frequency of those haplotypes in the
general population.

Among the results of their study was evidence for a
regulatory region haplotype that modified the phenotype of
Birt–Hogg–Dubé syndrome. This syndrome was reported
by Menko et al. (2009) to be due to heterozygous
deleterious mutations in the Folliculin gene (FCLN) that
maps to chromosome 17p11.2. This syndrome may be
associated with cutaneous tumors (folliculomas), renal
tumors, colon polyps, and pulmonary cysts leading
to pneumothorax.

It is however important to note that there are many
other factors that can influence the clinical expressivity and
penetrance of a specific deleterious variant. In a review in
2013, Cooper et al. (2013) noted that penetrance and clinical
expressivity can be influenced by sex-specific factors, by variable
expressivity of alleles at the specific impacted gene locus
(especially important to consider in heterozygous conditions),
by variants at unlinked modifier loci, by epigenetic factors,
and by environmental factors. Also, specific similar clinical
manifestations may occur as a result of mutations at more
than one gene locus.

PROTEINS AND PROTEOMICS AND
RELEVANCE TO FUNCTIONAL STUDIES
OF GENE MUTATIONS

Yates (2019) reviewed technical advances in proteomics. He noted
that challenges remain in uncovering the functions of proteins
in cells and that it is important to consider protein–protein
interactions and posttranslational modifications.

Posttranslational modifications are often important in
regulating protein functions and in determining the locations
of specific proteins in specific subcellular organelles. In addition,
specific factors influence the correct three-dimensional folding of
proteins that may be required for their function.

Relevance of Protein Subunit
Interactions: Sodium Ion Channels and
Epilepsy
Wallace et al. (1998) reported that mutations in sodium ion
channel gene SCN1B played roles in epilepsy. Noebels (2019)
reviewed sodium ion channels and their functional changes that
play roles in epilepsy. He noted the complexities due to the
required interactions of different subunits to form an ion channel,
the importance of interactions between different subunits, and
complexities due to differences in the expression of specific
sodium channels in specific brain regions.

Noebels (2019) noted that the functional sodium channel is a
heteromer composed of proteins that include any of the 10 SCN
alpha subunits and a beta SCN subunit. Currently, 11 different
genes are known to encode alpha subunits of the sodium ion
channels in the brain, SCNA1 to SCN11A, and one gene encodes
the beta subunit SCN1B expressed in the brain.

Noebels (2019) noted that alterations in splice site use lead to
generation of different splice isoforms and that different isoforms
may predominantly occur in different cell types.

Sodium ion channel proteins occur in neuronal soma and in
dendrites and to have high density in the axon initial segment
and in the myelinated node of Ranvier. Sodium ion channels are
reported to initiate electrical neuronal action potentials.

Five different genes that encode alpha subunits of sodium
ion channels have been reported to have mutations that lead
to epilepsy; these include SCN1A, SCN2A, SCN3A, SCN8A,
and SCN9A, and epilepsy-inducing mutations have also been
reported in SCN1B.

In addition, posttranslational modifications are required
for the sodium ion channel functions. The extent to which
specific amino acid residues are involved in posttranslational
modifications needs to be considered in analyses of the impact
of specific mutations on function.

The subunit interactions are also impacted by the degree
to which posttranslational modifications impact the subunit
interactions and protein functions.

AUTHOR CONTRIBUTIONS

MS reviewed literature and generated the manuscript.

REFERENCES
Antonellis, A., and Green, E. D. (2008). The role of aminoacyl-tRNA synthetases

in genetic diseases. Annu. Rev. Genom. Hum. Genet. 9, 87–107. doi: 10.1146/
annurev.genom.9.081307.164204

Ball, A. R. Jr., Chen, Y. Y., and Yokomori, K. (2014). Mechanisms of cohesin-
mediated gene regulation and lessons learned from cohesinopathies.

Biochim. Biophys. Acta 1839, 191–202. doi: 10.1016/j.bbagrm.2013.
11.002

Benabdallah, N. S., and Bickmore, W. A. (2015). Regulatory domains and their
mechanisms. Cold Spring Harb. Symp. Quant. Biol. 80, 45–51. doi: 10.1101/sqb.
2015.80.027268

Borck, G., Shin, B. S., Stiller, B., Mimouni-Bloch, A., and Thiele, H. (2012). eIF2γ

mutation that disrupts eIF2 complex integrity links intellectual disability to

Frontiers in Molecular Biosciences | www.frontiersin.org 12 September 2020 | Volume 7 | Article 577710

https://doi.org/10.1146/annurev.genom.9.081307.164204
https://doi.org/10.1146/annurev.genom.9.081307.164204
https://doi.org/10.1016/j.bbagrm.2013.11.002
https://doi.org/10.1016/j.bbagrm.2013.11.002
https://doi.org/10.1101/sqb.2015.80.027268
https://doi.org/10.1101/sqb.2015.80.027268
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-biosciences#articles


fmolb-07-577710 September 23, 2020 Time: 16:40 # 13

Smith RNA Transcription Translation Genetics Defects

impaired translation initiation. Mol. Cell 48, 641–646. doi: 10.1016/j.molcel.
2012.09.005

Brar, G. A., and Weissman, J. S. (2015). Ribosome profiling reveals the what, when,
where and how of protein synthesis. Nat. Rev. Mol. Cell Biol. 16, 651–664.
doi: 10.1038/nrm4069

Calarco, J. A., Superina, S., O’Hanlon, D., Gabut, M., Raj, B., Pan, Q., et al. (2009).
Regulation of vertebrate nervous system alternative splicing and development
by an SR-related protein. Cell 138, 898–910. doi: 10.1016/j.cell.2009.
06.012

Carvill, G. L., Engel, K. L., Ramamurthy, A., Cochran, J. N., Roovers, J., Stamberger,
H., et al. (2018). Aberrant inclusion of a poison exon causes dravet syndrome
and related SCN1A-associated genetic epilepsies. Am. J. Hum. Genet. 103,
1022–1029. doi: 10.1016/j.ajhg.2018.10.023

Castel, S. E., Cervera, A., Mohammadi, P., Aguet, F., Reverter, F., Wolman, A.,
et al. (2018). Modified penetrance of coding variants by Cis-regulatory variation
contributes to disease. Risk Nat. Genet. 50, 1327–1334. doi: 10.1038/s41588-
018-0192-y

Charenton, C., Max, E., Wilkinson, M. E., and Nagai, K. (2019). Mechanism of
5’ splice site transfer for human spliceosome activation science. Science 364,
362–367. doi: 10.1126/science.aax3289

Cleary, J. D., Pattamatta, A., and Ranum, L. P. W. (2018). Repeat-associated non-
ATG (RAN) translation. J. Biol. Chem. 293, 16127–16141. doi: 10.1074/jbc.
R118.003237

Cooper, D. N., Krawczak, M., Polychronakos, C., Tyler-Smith, C., and Kehrer-
Sawatzki, H. (2013). Where genotype is not predictive of phenotype: towards an
understanding of the molecular basis of reduced penetrance in human inherited
disease. Hum. Genet. 132, 1077–1130. doi: 10.1007/s00439-013-1331-2

Cooper, G. M. (2000). Translation of mRNA Chapter 7 in the Cell a Molecular
Approach. Sunderland, MA: Sinauer Associates.

Corbett, M. A., Kroes, T., Veneziano, L., Bennet, M. F., Florian, R., Schneider,
A. L., et al. (2019). Intronic ATTTC repeat expansions in STARD7 in familial
adult myoclonic epilepsy linked to chromosome 2. Nat. Commun. 10:4920.
doi: 10.1038/s41467-019-12671-y

Crossley, M., and Orkin, S. H. (1993). Regulation of the beta-globin locus. Curr.
Opin. Genet. Dev. 3, 232–237. doi: 10.1016/0959-437x(93)90028-n

Cummings, B. B., Karczewski, K. J., Kosmicki, J. A., Seaby, E. G., Watts, N. A.,
Singer-Berk, M., et al. (2020). Transcript expression-aware annotation improves
rare variant interpretation. Nature 581, 452–458. doi: 10.1038/s41586-020-
2329-2

Dowsett, L., Porras, A. R., Kruszka, P., Davis, B., Hu, T., Honey, E., et al.
(2019). Cornelia de Lange syndrome in diverse populations. J. Hum. Genet. 64,
967–978.

Fichtman, B., Harel, T., Biran, N., Zagairy, F., Applegate, C. D., Salzberg, Y.,
et al. (2019). Pathogenic variants in NUP214 cause "plugged" nuclear pore
channels and acute febrile encephalopathy. Am. J. Hum. Genet. 105, 48–64.
doi: 10.1016/j.ajhg.2019.05.003

Fishilevich, S., Nudel, R., Rappaport, N., Hadar, R., Plaschkes, I., and Ini Stein, T.
(2017). GeneHancer: genome-wide integration of enhancers and target genes in
GeneCards database (Oxford). Cell 2017:bax028. doi: 10.1093/database/bax028

Florian, R. T., Kraft, F., Leitão, E., Kaya, S., Klebe, S., Magnin, E., et al. (2019).
Unstable TTTTA/TTTCA expansions in MARCH6 are associated with familial
adult myoclonic epilepsy type 3. Nat. Commun. 10:4919. doi: 10.1038/s41467-
019-12763-9

Fuchs, S. A., Schene, I. F., Kok, G., Jansen, J. M., Nikkels, P. G. J., van Gassen,
K. L. I., et al. (2019). Aminoacyl-tRNA synthetase deficiencies in search of
common themes. Genet. Med. 21, 319–330. doi: 10.1038/s41436-018-0048-y

Furlanis, E., and Scheiffele, P. (2018). Regulation of neuronal differentiation,
function, and plasticity by alternative splicing. Annu. Rev. Cell Dev. Biol. 34,
451–469. doi: 10.1146/annurev-cellbio-100617-062826

Gabut, M., Bourdelais, F., and Durand, S. (2020). Ribosome and translational
control in stem cells. Cells 9:497. doi: 10.3390/cells9020497

Gil, N., and Ulitsky, I. (2020). Regulation of gene expression by cis-acting long
non-coding RNAs. Nat. Rev. Genet. 21, 102–117. doi: 10.1038/s41576-019-
0184-

Grabowski, P. (2011). Alternative splicing takes shape during neuronal
development. Curr. Opin. Genet. Dev. 21, 388–394. doi: 10.1016/j.gde.2011.03.
005

Greenberg, M. E., and Ziff, E. B. (1984). Stimulation of 3T3 cells induces
transcription of the c-fos proto-oncogene. Nature 311, 433–438. doi: 10.1038/
311433a0

Greene, N. D., Stanier, P., and Moore, G. E. (2011). The emerging role of epigenetic
mechanisms in the etiology of neural tube defects. Epigenetics 6, 875–883.
doi: 10.4161/epi.6.7.16400

Haberle, V., and Stark, A. (2018). Eukaryotic core promoters and the functional
basis of transcription initiation. Nat. Rev. Mol. Cell Biol. 19, 621–637. doi:
10.1038/s41580-018-0028-8

Hansen, A. S., Cattoglio, C., Darzacq, X., and Tjian, R. (2018). Recent evidence that
TADs and chromatin loops are dynamic structures Version 2. Nucleus 9, 20–32.
doi: 10.1080/19491034.2017.1389365

Irimia, M., Weatheritt, R. J., Ellis, J. D., Parikshak, N. N., Gonatopoulos-Pournatzis,
T., Barbor, M., et al. (2014). A highly conserved program of neuronal
microexons is misregulated in autistic brains. Cell 159, 1511–1523. doi: 10.1016/
j.cell.2014.11.035

Ishiura, H., Doi, K., Mitsui, J., Yoshimura, J., Matsukawa, M. K., Fujiyama, A., et al.
(2018). Expansions of intronic TTTCA and TTTTA repeats in benign adult
familial myoclonic epilepsy. Nat. Genet. 50, 581–590. doi: 10.1038/s41588-018-
0067-2

Joazeiro, C. A. P. (2019). Mechanisms and functions of ribosome-associated
protein quality control. Nat. Rev. Mol. Cell Biol. 20, 368–383. doi: 10.1038/
s41580-019-0118-2

Kapur, M., and Ackerman, S. L. (2018). mRNA translation gone awry: translation
fidelity and neurological disease. Trends Genet. 34, 218–231. doi: 10.1016/j.tig.
2017.12.007

Karnuta, J. M., and Scacheri, P. C. (2018). Enhancers: bridging the gap between
gene control and human disease. Hum. Mol. Genet. 27, R219–R227. doi: 10.
1093/hmg/ddy167

Kosmorsky, G., and Johns, D. R. (1991). Neuro-ophthalmologic manifestations of
mitochondrial DNA disorders: chronic progressive external ophthalmoplegia,
Kearns-Sayre syndrome, and Leber’s hereditary optic neuropathy. Neurol. Clin.
9, 147–161.

Lacadie, S. A., Ibrahim, M. M., Gokhale, S. A., and Ohler, U. (2016). Divergent
transcription and epigenetic directionality of human promoters. FEBS J. 283,
4214–4222. doi: 10.1111/febs.13747

Lam, W. W., Millichap, J. J., Soares, D. C., Chin, R., McLellan, A., FitzPatrick, D. R.,
et al. (2016). Novel de novo EEF1A2 missense mutations causing epilepsy and
intellectual disability.Mol. Genet. GenomicMed. 4, 465–474. doi: 10.1002/mgg3.
219

Lupiáñez, D. G., Spielmann, M., and Mundlos, S. (2016). Breaking TADs: how
alterations of chromatin domains result in disease. Trends Genet. 32, 225–237.
doi: 10.1016/j.tig.2016.01.003

Martinis, S. A., and Boniecki, M. T. (2010). The balance between pre- and post-
transfer editing in tRNA Synthetases. FEBS Lett. 584, 455–459. doi: 10.1016/j.
febslet.2009.11.071

McLachlan, F., Martinez Sires, A., and Abbott, C. M. (2019). The role of translation
elongation factor eEF1 subunits in neurodevelopmental disorders. Hum.Mutat.
40, 131–141. doi: 10.1002/humu.23677

Menko, F. H., van Steensel, M. A. M., Giraud, S., Friis-Hansen, L., Richard,
S., Ungari, S., et al. (2009). Birt-Hogg-Dubé syndrome: diagnosis and
management. Lancet Oncol. 10, 1199–1206. doi: 10.1016/S1470-2045(09)
70188-3

Montes, M., Sanford, B. L., Comiskey, D. F., and Chandler, D. S. (2019). RNA
splicing and disease: animal models to therapies. Trends Genet. 35, 68–87.
doi: 10.1016/j.tig.2018.10.002

Müller, J. S., Giunta, M., and Horvath, R. (2015). Exosomal protein deficiencies:
how abnormal RNA metabolism results in childhood-onset neurological
diseases, Version 2. J. Neuromuscul. Dis. 2(Suppl. 2), S31–S37. doi: 10.3233/
JND-150086

Nakajima, J., Okamoto, N., Tohyama, J., Kato, M., Arai, H., Funahashi, O.,
et al. (2015). De novo EEF1A2 mutations in patients with characteristic facial
features, intellectual disability, autistic behaviors and epilepsy. Clin. Genet. 87,
356–361. doi: 10.1111/cge.12394

Nakayama, T., Wu, J., Galvin-Parton, P., Weiss, J., Andriola, M. R., Hill,
R. S., et al. (2017). Deficient activity of alanyl-tRNA synthetase underlies an
autosomal recessive syndrome of progressive microcephaly, hypomyelination,

Frontiers in Molecular Biosciences | www.frontiersin.org 13 September 2020 | Volume 7 | Article 577710

https://doi.org/10.1016/j.molcel.2012.09.005
https://doi.org/10.1016/j.molcel.2012.09.005
https://doi.org/10.1038/nrm4069
https://doi.org/10.1016/j.cell.2009.06.012
https://doi.org/10.1016/j.cell.2009.06.012
https://doi.org/10.1016/j.ajhg.2018.10.023
https://doi.org/10.1038/s41588-018-0192-y
https://doi.org/10.1038/s41588-018-0192-y
https://doi.org/10.1126/science.aax3289
https://doi.org/10.1074/jbc.R118.003237
https://doi.org/10.1074/jbc.R118.003237
https://doi.org/10.1007/s00439-013-1331-2
https://doi.org/10.1038/s41467-019-12671-y
https://doi.org/10.1016/0959-437x(93)90028-n
https://doi.org/10.1038/s41586-020-2329-2
https://doi.org/10.1038/s41586-020-2329-2
https://doi.org/10.1016/j.ajhg.2019.05.003
https://doi.org/10.1093/database/bax028
https://doi.org/10.1038/s41467-019-12763-9
https://doi.org/10.1038/s41467-019-12763-9
https://doi.org/10.1038/s41436-018-0048-y
https://doi.org/10.1146/annurev-cellbio-100617-062826
https://doi.org/10.3390/cells9020497
https://doi.org/10.1038/s41576-019-0184-
https://doi.org/10.1038/s41576-019-0184-
https://doi.org/10.1016/j.gde.2011.03.005
https://doi.org/10.1016/j.gde.2011.03.005
https://doi.org/10.1038/311433a0
https://doi.org/10.1038/311433a0
https://doi.org/10.4161/epi.6.7.16400
https://doi.org/10.1038/s41580-018-0028-8
https://doi.org/10.1038/s41580-018-0028-8
https://doi.org/10.1080/19491034.2017.1389365
https://doi.org/10.1016/j.cell.2014.11.035
https://doi.org/10.1016/j.cell.2014.11.035
https://doi.org/10.1038/s41588-018-0067-2
https://doi.org/10.1038/s41588-018-0067-2
https://doi.org/10.1038/s41580-019-0118-2
https://doi.org/10.1038/s41580-019-0118-2
https://doi.org/10.1016/j.tig.2017.12.007
https://doi.org/10.1016/j.tig.2017.12.007
https://doi.org/10.1093/hmg/ddy167
https://doi.org/10.1093/hmg/ddy167
https://doi.org/10.1111/febs.13747
https://doi.org/10.1002/mgg3.219
https://doi.org/10.1002/mgg3.219
https://doi.org/10.1016/j.tig.2016.01.003
https://doi.org/10.1016/j.febslet.2009.11.071
https://doi.org/10.1016/j.febslet.2009.11.071
https://doi.org/10.1002/humu.23677
https://doi.org/10.1016/S1470-2045(09)70188-3
https://doi.org/10.1016/S1470-2045(09)70188-3
https://doi.org/10.1016/j.tig.2018.10.002
https://doi.org/10.3233/JND-150086
https://doi.org/10.3233/JND-150086
https://doi.org/10.1111/cge.12394
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-biosciences#articles


fmolb-07-577710 September 23, 2020 Time: 16:40 # 14

Smith RNA Transcription Translation Genetics Defects

and epileptic encephalopathy. Hum. Mutat. 38, 1348–1354. doi: 10.1002/humu.
23250

Nasmyth, K., and Haering, C. H. (2009). Cohesin: its roles and mechanisms. Annu.
Rev. Genet. 43, 525–558. doi: 10.1146/annurev-genet-102108-134233

Newkirk, D. A., Chen, Y. Y., Chien, R., Zeng, W., Biesinger, J., and Flowers, E.
(2017). Haploinsufficiency on genome-wide cohesin binding and target gene
expression: modeling cornelia de lange syndrome the effect of Nipped-B-like
(Nipbl). Clin. Epigenet. 9:89. doi: 10.1186/s13148-017-0391-x

Noebels, J. L. (2019). Predicting the impact of sodium channel mutations
in human brain disease. Epilepsia 60(Suppl. 3), S8–S16. doi: 10.1111/epi.
14724

Nofrini, V., Di Giacomo, D., and Mecucci, C. (2016). Nucleoporin genes in human
diseases. Eur. J. Hum. Genet. 24, 1388–1395. doi: 10.1038/ejhg.2016.25

O’Neill, G. N., Aoki, M., and Brown, R. H. Jr. (2001). ABCD1
translation-initiator mutation demonstrates genotypephenotype
correlation for AMN. Neurology 57, 1956–1962. doi: 10.1212/wnl.57.
11.1956

Parras, A., Anta, H., Santos-Galindo, M., Swarup, V., Elorza, A., Nieto-González,
J. L., et al. (2018). Autism-like phenotype and risk gene mRNA deadenylation
by CPEB4 mis-splicing. Nature 560, 441–446. doi: 10.1038/s41586-018-0423-5

Quesnel-Vallières, M., Dargaei, Z., Irimia, M., Gonatopoulos-Pournatzis,
T., Ip, J. Y., Wu, M., et al. (2016). Misregulation of an activity-
dependent splicing network as a common mechanism underlying autism
spectrum disorders. J. Mol. Cell 64, 1023–1034. doi: 10.1016/j.molcel.2016.
11.033

Raj, B., and Blencowe, B. J. (2015). Alternative splicing in the mammalian nervous
system: recent insights into mechanisms and functional roles. Neuron 87,
14–27. doi: 10.1016/j.neuron.2015.05.004

Ransohoff, J. D., Wei, Y., and Khavari, P. A. (2018). The functions and unique
features of long intergenic non-coding RNA. Nat. Rev. Mol. Cell Biol. 19,
143–157.

Roberts, T. C., Morris, K. V., and Wood, M. J. (2014). The role of long non-coding
RNAs in neurodevelopment, brain function and neurological disease. Philos.
Trans. R. Soc. Lond. B Biol. Sci. 369:20130507. doi: 10.1098/rstb.2013.0507

Satterstrom, F. K., Kosmicki, J. A., Wang, J., Breen, M. S., De Rubeis,
S., An, J. A., et al. (2020). Large-scale exome sequencing study
implicates both developmental and functional changes in the
neurobiology of autism. Cell 180, 568–584.e23. doi: 10.1016/j.cell.2019.
12.036

Schaffer, A. E., Pinkard, O., and Coller, J. M. (2019). tRNA metabolism and
neurodevelopmental disorders. Annu. Rev. Genom. Hum. Genet. 20, 359–387.
doi: 10.1146/annurev-genom-083118-015334

Schoenfelder, S., and Fraser, P. (2019). Long-range enhancer-promoter contacts in
gene expression control.Nat. Rev. Genet. 20, 437–455. doi: 10.1038/s41576-019-
0128-0

Schuller, A. P., Wu, C. C., Dever, T. E., Buskirk, A. R., and Green, R. (2017).
eIF5A functions globally in translation elongation and termination. Mol. Cell
66, 194–205.e5. doi: 10.1016/j.molcel.2017.03.003

Tahmasebi, S., Khoutorsky, A., Mathews, M. B., and Sonenberg, N. (2018).
Translation deregulation in human disease. Nat. Rev. Mol. Cell Biol. 19, 791–
807. doi: 10.1038/s41580-018-0034-x

Tian, B., and Manley, J. L. (2017). Alternative polyadenylation of mRNA
precursors. Nat. Rev. Mol. Cell. Biol. 18, 18–30. doi: 10.1038/nrm.2016.116

Tolhuis, B., Palstra, R. J., Splinter, E., Grosveld, F., and de Laat, W. (2002). Looping
and interaction between hypersensitive sites in the active beta-globin locus.Mol.
Cell 10, 1453–1465.

Voineagu, I., Wang, X., Johnston, P., Lowe, J. K., Tian, Y., Horvath,
S., et al. (2011). Transcriptomic analysis of autistic brain reveals
convergent molecular pathology. Nature 474, 380–384. doi: 10.1038/nature
10110

Wallace, R. H., Wang, D. W., Singh, R., Scheffer, I. E., George, A. L. Jr., Phillips,
H. A., et al. (1998). Febrile seizures and generalized epilepsy associated with
a mutation in the Na+-channel beta1 subunit gene SCN1B. Nat. Genet. 19,
366–370. doi: 10.1038/1252

Weyn-Vanhentenryck, S. M., Feng, H., Ustianenko, D., Duffié, R., Yan, Q., and
Jacko, M. (2018). Precise temporal regulation of alternative splicing during
neural development. Nat. Commun. 9:2189. doi: 10.1038/s41467-018-04559-0

Will, C. L., and Lührmann, R. (2011). Spliceosome structure and function.
Cold Spring Harb. Perspect. Biol. 3:a003707. doi: 10.1101/cshperspect.a00
3707

Yap, E. L., and Greenberg, M. E. (2018). Activity-regulated transcription: bridging
the gap between neural activity and behavior. Neuron 100, 330–348. doi: 10.
1016/j.neuron.2018.10.013

Yates, J. R. III (2019). Recent technical advances in proteomics. F1000Research
8:F1000FacultyRev-351. doi: 10.12688/f1000research.16987.1

Young-Baird, S. K., Shin, B.-S., and Dever, T. E. (2019). MEHMO syndrome
mutation EIF2S3-I259M impairs initiator MettRNAiMet binding to eukaryotic
translation initiation factor eIF2. Nucleic Acids Res. 47, 855–867. doi: 10.1093/
nar/gky1213

Conflict of Interest: The author declares that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Smith. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Molecular Biosciences | www.frontiersin.org 14 September 2020 | Volume 7 | Article 577710

https://doi.org/10.1002/humu.23250
https://doi.org/10.1002/humu.23250
https://doi.org/10.1146/annurev-genet-102108-134233
https://doi.org/10.1186/s13148-017-0391-x
https://doi.org/10.1111/epi.14724
https://doi.org/10.1111/epi.14724
https://doi.org/10.1038/ejhg.2016.25
https://doi.org/10.1212/wnl.57.11.1956
https://doi.org/10.1212/wnl.57.11.1956
https://doi.org/10.1038/s41586-018-0423-5
https://doi.org/10.1016/j.molcel.2016.11.033
https://doi.org/10.1016/j.molcel.2016.11.033
https://doi.org/10.1016/j.neuron.2015.05.004
https://doi.org/10.1098/rstb.2013.0507
https://doi.org/10.1016/j.cell.2019.12.036
https://doi.org/10.1016/j.cell.2019.12.036
https://doi.org/10.1146/annurev-genom-083118-015334
https://doi.org/10.1038/s41576-019-0128-0
https://doi.org/10.1038/s41576-019-0128-0
https://doi.org/10.1016/j.molcel.2017.03.003
https://doi.org/10.1038/s41580-018-0034-x
https://doi.org/10.1038/nrm.2016.116
https://doi.org/10.1038/nature10110
https://doi.org/10.1038/nature10110
https://doi.org/10.1038/1252
https://doi.org/10.1038/s41467-018-04559-0
https://doi.org/10.1101/cshperspect.a003707
https://doi.org/10.1101/cshperspect.a003707
https://doi.org/10.1016/j.neuron.2018.10.013
https://doi.org/10.1016/j.neuron.2018.10.013
https://doi.org/10.12688/f1000research.16987.1
https://doi.org/10.1093/nar/gky1213
https://doi.org/10.1093/nar/gky1213
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-biosciences#articles

	MRNA Transcription, Translation, and Defects in Developmental Cognitive and Behavioral Disorders
	Triggers of Gene Expression in Brain Neurons
	Transcription Initiation, Promoters, and Enhancers
	Promoters, Enhancers, and Interactions
	Enhancers
	Enhancer Variants Documented in Genome-Wide Association Studies
	Long Intergenic Non-coding RNAs

	Chromatin Loops
	Topologically Associated Domains
	Divergent Transcription Directionality

	Mrna Transcription Termination, Polyadenylation, and Alternate Sites
	Transcription Factor Defects That Occur in Some Cases of Autism

	Mrna Splicing and the Spliceosome
	Microexons and Their Inclusion in Transcripts of Genes Expressed in Neurons
	Neuronal Splice Regulator nSR100/SRRM4 and Its Misregulation
	Alternative Splicing in Neurodevelopment
	Intronic Variants Leading to Aberrant Splicing
	Pathogenic Repeat Sequence Expansions in Introns

	Rare Variant Interpretations in Light of Transcript Expression
	Mrna Degradation
	Control of MRNA Levels and Processing
	MRNA Passage From Nucleus to Cytoplasm

	Translation Processes
	Aberrant Translation Initiation

	Defects in Translation Initiation Processes in Neurodevelopmental Disorders
	Non-ATG Translation

	Translation Elongation and Aminoacyl Trnas
	Aminoacyl tRna Synthetases
	Clinical and Pathological Abnormalities in Patients With Aminoacyl tRna Function Defects
	Trnas
	Translation Elongation Complex Eif4F Variants, Mutations, and Roles in Neurodevelopmental Diseases
	Errors in Translation
	Ribosome Quality Control

	Joint Interactions of Regulatory and Coding Variants in Determining Penetrance
	Proteins and Proteomics and Relevance to Functional Studies of Gene Mutations
	Relevance of Protein Subunit Interactions: Sodium Ion Channels and Epilepsy

	Author Contributions
	References




